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Photoreactivation, one of the first DNA repair pathways to evolve, is the direct reversal of premutagenic lesions caused
by ultraviolet (UV) irradiation, catalyzed by photolyases in a light-dependent, single-enzyme reaction. It has been ex-
perimentally shown that photoreactivation prevents UV mutagenesis in a broad range of species. In the absence of pho-
toreactivation, UV-induced photolesions are repaired by the more complex and much less efficient nucleotide excision
repair pathway. Despite their obvious beneficial effects, several lineages, including placental mammals, lost photolyase
genes during evolution. In this study, we ask why photolyase genes have been lost in those lineages and discuss the
significance of these losses in the context of the evolution of the genomic mutation rates. We first perform an extensive
phylogenomic analysis of the photolyase/cryptochrome family, to assess what species lack each kind of photolyase gene.
Then, we estimate the ratio of nonsynonymous to synonymous substitution rates in several groups of photolyase genes,
as a proxy of the strength of purifying natural selection, and we ask whether less evolutionarily constrained photolyase
genes are more likely lost. We also review functional data and compare the efficiency of different kinds of photolyases.
We find that eukaryotic photolyases are, on average, less evolutionarily constrained than eubacterial ones and that the
strength of natural selection is correlated with the affinity of photolyases for their substrates. We propose that the loss of
photolyase genes in eukaryotic species may be due to weak natural selection and may result in a deleterious increase of
their genomic mutation rates. In contrast, the loss of photolyase genes in prokaryotes may not cause an increase in the

mutation rate and be neutral in most cases.

Introduction

Ultraviolet (UV) light causes premutagenic lesions in
DNA that can become mutations after replication, if they
are not repaired (Friedberg et al. 2006). These lesions can
be repaired, in eukaryotes, Archaea, and Eubacteria, by nu-
cleotide excision repair (NER) systems, which are neither
specific for this kind of lesions nor the most efficient path-
way to repair them. A specific UV-damaged DNA repair
pathway also exists, called photoreactivation. Photoreac-
tivation is the direct reversal of UV-induced lesions, cat-
alyzed by a single enzyme called photolyase, and using
only visible light as an energy source (Kelner 1949; Sancar
1994, 2000).

There are three kinds of photolyases, according to
their substrate specificity. Cyclobutane pyrimidine dimers
(CPDs) are repaired by CPD photolyases (Sancar et al.
1984; Sancar 1985), which are present in organisms of all
kingdoms (Kanai et al. 1997), including some viruses (van
Oers et al. 2004). The 6,4-Pyrimidine-pyrimidones, or 6,4
photoproducts, which are less frequently induced by UV
irradiation, are repaired by (6-4) photolyases, only known
to be present in eukaryotes (Todo et al. 1993). Finally, a
new class of photolyases has been described in eubacteria,
plants, and animals, with specificity for CPDs in single-
stranded DNA (Brudler et al. 2003; Selby and Sancar
2006). Sequence comparisons distinguish these three kinds
of photolyases and suggest further subdivision of CPD
photolyases into two classes, namely CPD class I and CPD
class II (Kanai et al. 1997). In addition, plants and animals
possess independently derived photolyase paralogs, called
cryptochromes, which are involved in circadian rhythm en-
trainment and, in plants, in the light-dependent regulation
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of developmental pathways (Cashmore et al. 1999). De-
spite the striking similarity between cryptochromes and
photolyases, no photolyase activity of any kind has been
observed in cryptochromes (Hsu et al. 1996; Oztiirk et al.
2007).

Photolyases are composed of two structural domains,
an o/ domain and a helical domain, which are joined by
a linker region (Park et al. 1995; Tamada et al. 1997). Pho-
tolyases bind two cofactors or chromophores. The catalytic
chromophore is FADHj in all known cases, and it is bound
by the helical domain. As a second chromophore, which
works as a light-harvesting antenna, most photolyases have
either 8-hydroxy-5-deazaflavin (Eker et al. 1981, 1990) or
5,10-methenyltetrahydro-folic acid (Johnson et al. 1988; Li
and Sancar 1991), although flavin mononucleotide ( Ueda
et al. 2005) and FAD (Fujihashi et al. 2007) have also been
found as second chromophores.

Photoreactivation was one of the first DNA repair
pathways to evolve (Eisen and Hanawalt 1999) and is
thought to be the most effective one in the repair of UV-
induced mutagenic lesions (Schul et al. 2002). Although
the contribution of photolyases to replication fidelity in
the wild is unknown, it has been repeatedly shown that
they prevent most of the mutations caused by experimen-
tal UV irradiation in cell cultures (Asahina et al. 1999;
Otoshi et al. 2000; Tanaka et al. 2001; You et al. 2001).
Despite the evident advantage that photolyase genes confer
to organisms exposed to sunlight, they have been lost sev-
eral times during evolution. One dramatic consequence of
the loss of photolyase genes in the placental mammals lin-
eage (Kato et al. 1994) is the complete dependence on the
NER pathway to repair UV-induced DNA damage, which
makes people with inactivating mutations in genes of that
pathway extremely sensitive to UV light (Friedberg et al.
2006). Stressing the deleterious character of the loss of
photoreactivation in placental mammals, it has been shown
that transgenic mice expressing a photolyase gene from the
marsupial Potorus tridactylis successfully avoid acute
UV effects like sunburn, hyperplasia, and apoptosis
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(Schul et al. 2002). In addition, the absence of photolyase
orthologous genes in the human genome, and their pres-
ence in the zebrafish genome (this study), is a very likely
explanation of the observed higher capacity of zebrafish
embryos to repair UV-damaged DNA, relative to human
cells (Sussman 2007).

The genomic mutation rates per generation vary
widely among species (Drake et al. 1998; Lynch 2006;
Baer et al. 2007), although the reasons for the variation
are still debated (Baer et al. 2007; Lynch 2008). Variation
in an organism’s ability to repair DNA damage was
proposed as one of the main factors to explain the variation
in molecular evolutionary rates (Britten 1986). Later,
Eisen and Hanawalt (1999) showed that there is, indeed,
extensive variation in the endowment of DNA repair
pathways among species. Recently, Marcobal et al. (2008)
contributed compelling evidence that the hypermutability
of the bacteria Oenococcus oeni is due to the lack of the
mismatch repair genes MutS and MutL in its genome.
Thus, there is no doubt that the quality and composition
of the DNA repair and replication machineries must affect
the characteristic spontaneous mutation rate of a species.
The absence of photolyase genes in some lineages may
contribute to this variation.

Motivated by the likely contribution of the presence
or absence of photolyase genes to the diversity of genomic
mutation rates among species, we aim to understand what
factors affect the evolution of photolyases and why pho-
tolyase genes may be lost in some lineages. Taking ad-
vantage of the detailed knowledge of the photoreactivation
mechanism, we ask whether the efficiency of photolyases
is correlated with the strength of purifying natural selection
on their genes. There are three steps in the photoreactiva-
tion mechanisms that might be optimized by natural se-
lection: binding to the damaged DNA, transduction of en-
ergy from visible light, and electron transfer from the chro-
mophore FADHj to the damaged DNA (Sancar 1994). We
compare the available measures of photolyase efficiency
with their estimated ratio of nonsynonymous to synony-
mous substitution rates (dx/ds), which is used as a proxy
for the strength of purifying selection.

We also perform an extensive phylogenomic analysis
of the photolyase/cryptochrome family, to determine what
species have lost photolyase genes. We reasoned that phy-
logenetic groups with less evolutionary constrained pho-
tolyases should exhibit a higher incidence of gene loss.

Photolyase genes can justifiably be viewed as poten-
tial mutator genes, in the sense that they influence the
spontaneous mutation rate in a wide range of organisms
exposed to sunlight (see supplementary table 3 and refer-
ences therein, Supplementary Material online). Thus, we
finally discuss our results in the context of the population-
genetics factors affecting the evolution of mutator genes.

Materials and Methods
Phylogenomic Analysis

To assemble the most complete set of photolyase
homologs possible, BlastP searches (Altschul et al. 1990)
were performed against the National Center for Biotech-
nology Information (NCBI) nonredundant database using

representative sequences of the photolyase family as
queries, selected from the main groups identified by
Kanai et al. (1997). To include photolyase homologs from
unannotated genomic sequences, this same set of queries
was used in TblastN searches against all completely
sequenced and assembled genomes available in NCBI.
Additional TblastN searches were submitted to GeneDB
(http://www.genedb.org) and the Broad Institute (http://
www.broad.mit.edu) to expand the taxonomic range. The
FGENESH+ gene predictor (http://linux1.softberry.com/
berry.phtml) was occasionally used to improve the trans-
lation of some unannotated eukaryotic genes. Results
from different searches were merged and aligned using
ClustalX 1.83 (Thompson et al. 1997) and the align-
ments manually edited using BioEdit (Hall 1999). The
linker region between the two functional domains of
the photolyase/cryptochrome family was unalignable
and consequently excluded. The final alignment con-
tained 882 sequences with a mean length of 405 amino
acids. A neighbor-joining tree was obtained using
MEGA 4 (Tamura et al. 2007), with 1000 bootstrap
replicates. To generate trees with more time-consuming
methods, only the most divergent 250 sequences were
selected using the HHFilter application of the Max-
Planck Institute Bioinformatics Toolkit (Biegert et al.
2006), to test the monophyly of the main paralogous
groups. For this representative subset of sequences,
maximum parsimony trees were obtained using PAUP*
(Swofford 2002), with 100 bootstrap replicates, and
Bayesian inference was performed with MrBayes
(Ronquist and Huelsenbeck 2003).

The presence or absence of each orthology group
identified by phylogenetic inference is reported for all com-
pletely sequenced and assembled genomes used in the
homology searches. To determine whether the presence—
absence diversity in a genus was due to a recent loss or a re-
cent acquisition by horizontal gene transfer, the phylogeny
of the members of that genus with completely sequenced
genomes was inferred by the neighbor-joining tree of their
16S ribosomal RNA (rRNA) subunits. Muscle was used for
the alignments and MEGA 4 to build the trees. The trees
were rooted with the closest relative of a different genus,
and the gene-loss and gene-gain events were determined
by the most parsimonius scenario. The maximum compos-
ite likelihood method was used to compute the distances.

Estimation of the Ratio of Nonsynonymous to Synony-
mous Substitution Rates

We were interested in comparing the strength of nat-
ural selection to preserve photolyase genes among taxo-
nomic groups and among gene families. We reasoned that
less evolutionarily constrained genes would be more easily
lost by random genetic drift.

We used the ratio of nonsynonymous to synonymous
substitutions, dn/ds, to measure the strength of purify-
ing selection on sets of photolyase genes. Groups of very
similar orthologous sequences, usually belonging to the
same genus, were identified from the phylogenetic infer-
ence and analyzed separately. Their nucleotide sequences
were retrieved, and codons were aligned with ClustalW, as
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implemented in BioEdit (Hall 1999). Maximum-likelihood
estimates of dy/ds were calculated with PAML 4 (Yang
2007). The pairwise synonymous distances were checked
within each set of sequences to make sure that the
saturation of synonymous substitutions was not affect-
ing the dn/ds estimates. When necessary, sets were
redefined to fulfill the condition that pairwise synony-
mous distances were not larger than 1.2 substitutions per
site.

A constant dn/ds was assumed for all branches,
in order to get a representative estimate for the whole
group. One hundred bootstrap replicates were performed
to estimate the variance of each dn/ds estimate. To get
a dy/ds value representative of a more diverse group
of genes, the weighted mean of several dy/ds estimates
was calculated, using the inverse of the sample variance
as weights. To make comparisons between weighted
means, the data were first log transformed, to make it
normal. Then, the weighted standard deviations (SDs)
were estimated following Bland and Kerry (1998), and the
Welch correction of the z-test was applied.

Results
Evolutionary History of Photolyase Genes

Our extensive phylogenetic analysis of the pho-
tolyase/cryptochrome family not only confirms most of the
known features of the evolutionary history of photolyases
and cryptochromes (Kanai et al. 1997) but also reveals
some unexpected findings. Six main groups are modestly
to highly supported by bootstrap values in the neighbor-
joining and the maximum parsimony trees and by pos-
terior probabilities in the Bayesian tree (from bottom to
top in fig. 1): CPD class II photolyases; single-stranded
DNA photolyases; (6-4) photolyases and animal cryp-
tochromes; a previously undescribed prokaryotic group of
unknown activity; a heterogeneous group including plant
cryptochromes and some bacterial CPD photolyases; and a
large and weakly supported group including all other bac-
terial, archaeal, and eukaryotic CPD class I photolyases.
The remaining sequences, which cannot be assigned to any
of these groups, belong to five small divergent groups with
narrow taxonomic ranges. These are shown in black in
figure 1 and are labeled according to their species com-
position: Trypanosomatidae, Neisseria, Actinobacteria I,
Actinobacteria II, and Thermus thermophilus.

The CPD class I photolyases and the heterogeneous
group of plant cryptochromes and other bacterial CDP
photolyases are relatively close to each other and have
complementary taxonomic distributions: no species has
genes of both kinds (supplementary table 1, Supplemen-
tary Material online), suggesting that they are orthologous.
Two fish proteins of unknown function (XP_683212.3 from
Danio rerio and CAF92156 from Tetraodon nigroviridis)
are grouped together with plant cryptochromes with 96%
bootstrap support in the neighbor-joining tree. Despite in-
tense Blast searches, no other animal sequences were found
with such a close relationship to plant cryptochromes.
Table 1 shows the main groups of organisms where each
photolyase subfamily has been found. For the sake of sim-
plicity, and additional reasons argued in the discussion,
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plant cryptochromes and related sequences of fish and
bacterial origin have been added to the CPD class I sub-
family in tables 1 and 2.

Photolyase Gene-Loss Events

Phylogenetic analysis of the photolyase/ cryp-
tochrome family allowed us to identify recent events of
gene loss. We identified ‘recent’ gene-loss and gene-gain
events from the rooted 16S rRNA subunit trees of all
genera with presence—absence variation of any photolyase
gene (data not shown).

Table 2 summarizes the events identified. Most losses
involve CPD class I photolyases in eubacterial species.
Among the 44 eubacterial genera with more than 1 com-
pletely sequenced genomes, 21 show presence—absence
variation in at least one of the four subfamilies of
photolyases.

Among eukaryotes, at least five fungal species
(Schizosaccharomyces pombe, Yarrowia lipolytica, Cryp-
tococcus neoformans, Candida albicans, and Ashbya
gossypii), two protozoans (Guillardia theta and Dic-
tyostelium discoideum), and the nematodes Caenorhabditis
elegans and C. briggsae seem to have lost all photolyase
genes. In addition, placental mammals have only cryp-
tochromes, with no photolyase activity.

Genus-specific loss is identified within eukaryotes,
but there are currently very few eukaryotic genera with
more than one completely sequenced genome. The entire
list of presence—absence data is available in the Supple-
mentary Material online.

Comparison of dy/ds Estimates

For every set of sequences in the photolyase/
cryptochrome family with adequate similarity, the maxi-
mum likelihood estimate of the ratio of nonsynonymous
to synonymous substitution rates was obtained. To ensure
the quality of the estimates, the sets of sequences were de-
fined in such a way that no pairwise synonymous distance
within a set was larger than 1.2 substitutions per site. In all,
33 CPD class I photolyase sets, 12 CPD class II photolyase
sets, and 2 (6-4) photolyase sets were analyzed (supple-
mentary table 2, Supplementary Material online). Cryp-
tochromes were excluded from the analysis, because their
functions are not believed to directly affect the genomic
mutation rate.

The overall mean dyn/ds was 0.0963 + 0.0039, which,
as usually interpreted, means that about 90% of replace-
ment substitutions are effectively purged by natural se-
lection. CPD class I photolyases seem to have the lowest
dn/ds estimates among the three subfamilies (fig. 2), al-
though the difference is not significant at the 0.05 level in
any of the three comparisons (Welch test, P value 0.06105
for CPD class I/CPD class II comparison). The mean
dn /ds estimate for eubacterial photolyases is significantly
lower, at the 0.05 level, than that for photolyases from
all other kingdoms. Because most eukaryotic photolyases
used in this comparison are of class II, differences among
subfamilies may contribute to the difference between
eubacterial and eukaryotic dy/ds values. Comparisons
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F1G. 1.—Unrooted neighbor-joining tree of the photolyase/cryptochrome family. Branches are labeled first with the their bootstrap support
(percentage) and, when available, with: second, the bootstrap support of an equivalent branch in the maximum parsimony consensus tree; and third,
with the posterior probability of an equivalent branch, according to the Bayesian analysis. Groups with the same tone are proposed to be orthologous,
based on the their complementary taxonomic distribution and their proximity, despite the lack of bootstrap support in two cases (see Discussion).

involving the Archaea are impaired by the fact that only
1 dn/ds estimate is available in this kingdom.

In all, 29 dn/ds estimates correspond to CPD class I
photolyase genes of 22 bacterial genera. Among these gen-
era, five show evidence of a CPD class I photolyase gene-
loss event, whereas two other experienced a recent gain of
the same gene, according to the most parsimonious map-
ping of events on the 16S rRNA trees. On average, 3.65
CPD class I photolyase genes are lost per base substitution
of the 16S rRNA genes, whereas 1.46 are gained by lateral
gene transfer. We expected photolyase genes to be more
evolutionary constrained in genera in which they are lost at
a lower rate. The mean dn/ds of CPD class I photolyase
genes in genera with an observed gene loss is 0.0902 +
0.0024, which is not significantly different than the mean
dn/ds of those genes in genera without any gene loss nor
any gene gain, at the 0.05 level (0.08620 =+ 0.0014; P value

0.38). However, this comparison is very conservative be-
cause the detection of a gene-loss event may have failed
in many genera because of insufficient evolutionary time
sampled, rather than due to a lower gene-loss rate. To limit
this bias, we computed the weighted mean of the dx/ds
estimates of genera without an observed gene loss using as
weights the sum of branch lengths of their corresponding
16S rRNA trees. This weighted mean becomes 0.07360 +
0.00260 (fig. 2C), which is significantly different from the
mean dyn/ds estimate of genera with an observed gene loss.

Comparative Review of the Efficiency of DNA Photolyases

We expect photolyases submitted to stronger natural
selection to be more efficient in the repair of DNA damage
than less evolutionarily constrained homologs. To test this
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Presence of Photolyase Genes in the Main Groups of Organisms

Taxon Class I*  Class II

(6-4) Photolyases

Prokaryote Group® Single Strand

Bacteria
Acidobacteria
Actinobacteria
a-Proteobacteria
Bacteroidetes
B-Proteobacteria
Cyanobacteria
Chlamydiae
Chlorobi
Chloroflexi
&-Proteobacteria
e-Proteobacteria
Firmicutes
v-Proteobacteria
Planctomycetes
Spirochaeta
Thermotogae

Archaea
Crenarcheota
Euryarchaeota

Eukarya
Chromalveolata
Excavatad
Opisthokonta
Plantae

Virus
Poxviridae
Baculoviridae

+ 4+ 4+ 4+
+ o+ 4+ +

+

+ + + 4+ +

+ +

+ 4+ o+

+ + + +

+

+

+¢

+ 4+ o+

+ 4+ + + +
++ + +

+ + o+

 Includes plant cryptochromes and related sequences. See text.

b Putative orthologs of (6-4) photolyases.

¢ A (6-4) photolyase-like gene is exceptionally found in the genome of the cyanobacteria Gloeobacter
violaceous (glr1749), probably as a result of horizontal gene transfer from green algae.
4 In addition to CPD class I photolyases, some species from Trypanosomatidae have another photolyase

homolog of uncertain origin.

hypothesis, we review published measures of photolyase
efficiency for different species and types of photolyases
(table 3). Although functional data are limited to pho-
tolyases from few species, a clear direct relationship is ob-
served between the strength of selection and the affinity
of CPD class I photolyases for their substrate (fig. 3). The
photolyases with the best documented properties are also
the most different ones: the Escherichia coli and the Sac-
charomyces cerevisiae CPD class I photolyases. The dif-
ference in their binding constants, K4, suggests that under
equal enzyme concentrations, about 20 times more pyrim-
idine dimers would be bound to the yeast photolyase than
to the E. coli photolyase. Accordingly, and in contrast to
the general tendency for eukaryotes, Saccharomyces CPD
class I photolyases experience a more efficient natural se-
lection (dn/ds = 0.08617 + 0.01855) than Enterobacteri-
aceae CPD class I photolyases (0.16948 +-0.03145).

A measure of the specific affinity of photolyases for
their substrate is the discrimination ratio, or selectivity
factor, which is the ratio between the enzyme’s binding
constant for pyrimidine dimers and its binding constant for
nondamaged DNA. This ratio is very similar for yeast and
E. coli photolyases.

The efficiency of the light-dependent reaction step is
characterized by the quantum yield, ¢, which is the prob-
ability that an absorbed photon repairs the dimer. In this
step, the E. coli CPD class I photolyase seems to be the

most efficient one. This appears insufficient to offset the
disparity in binding affinities.

Discussion
Evolutionary History of the Photolyase/Cryptochrome
Family

The overall picture of the early evolution of the
photolyase/cryptochrome family emerging from the
present analysis depicts four different photolyases already
present in the common ancestor of Bacteria, Archaea, and
Eukarya: CPD class I photolyases, CPD class II pho-
tolyases, (6-4) photolyases, and single-stranded DNA
photolyases. All 4 subfamilies have been repeatedly lost
(see table 1), and at least two of them evolved different
functions (plant and animal cryptochromes).

The prokaryote-specific group of photolyase ho-
mologs depicted in figure 1 next to the eukaryotic group
of (6-4) photolyases and animal cryptochromes is the main
addition to the photolyase/cryptochrome family arising
from this work. This is the first evidence for the exis-
tence of this group of proteins in prokaryotes, present in
at least five eubacterial and 1 archaeal phylum (table 1).
The wide taxonomic range of this gene lineage suggests
a very ancient origin and, together with its position in the
tree (fig. 1), raises the possibility that the evolution of (6-4)
photolyases predates the evolution of eukaryotes.
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Table 2

Number of Recent Photolyase Gene Losses (L) and Gains (G) Inferred in Eubacterial Genera, Classified by Photolyase

Subfamily

Class I
L G L

Class IT

Prokaryote Single-Strand
G L G L G

Azoarcus [0.015] 1

Bacillus [0.134] 1
Buchnera [0.128] 1
Corynebacterium [0.104] 1
Flavobacterium [0.056]

Francisella [0.002] 1

Frankia [0.026] 1

Geobacter [0.086]

Mesorhizobium [0.034] 1
Mycobacterium [0.076] 1
Prochlorococcus [0.053] 1
Pseudoalteromonas [0.116]

Ralstonia [0.047] 1

Rhizobium [0.009] 1
Rhodobacter [0.008]

Rickettsia [0.040] 1
Shewanella [0.178] 1
Staphylococcus [0.048] 1
Streptococcus [0.030] 1
Synechococcus [0.280]

Vibrio [0.074]

1 1
2 2

CPD class I subfamily includes traditional CPD class I photolyases and CPD photolyases grouped together with plant cryptochromes (see fig. 1 and text). “Prokaryote”
refers to the prokaryote-specific group next to the eukaryotic (6-4) photolyases in figure 1. The total length of the 16S RNA tree of each genus is shown in brackets. About
100 more eubacterial genera, with one or more completely sequenced and assembled genomes, did not show presence—absence variation of photolyase genes.

Up to now, photoreactivation of 6,4 photoproducts has
only been observed in eukaryotes, including Drosophila
melanogaster (Todo et al. 1993), Xenopus laevis (Todo
et al. 1997), and Arabidopsis thaliana (Nakajima et al.
1998). The (6-4) photolyase orthologs are also present in
some fungal species and in the Stramenopiles Phytoph-
thora and Thalassiosira pseudonana (data not shown).
In the animal lineage, cryptochromes, mainly involved
in the entrainment to the circadian clock and cell cy-
cle regulation, originated from the gene duplications of
(6-4) photolyase genes (reviewed in Oztiirk et al. 2007).
Remarkably, (6-4) photolyases are not known in mammals,
although mammals do have cryptochromes.

The proteins included in the prokaryote-specific
group have not been functionally characterized, to the best
of our knowledge, but their plausible orthology to (6-4)
photolyases raises the possibility that they too are (6-4)
photolyases, which, if true, would in turn imply that the
last common ancestor of Bacteria, Archaea, and Eukarya
had (6-4) photolyase activity. Because photoreactivation is
a direct and efficient DNA repair mechanism present in the
last common ancestor of all cellular forms of life (Eisen
and Hanawalt 1999), it is plausible that (6-4) photolyases
evolved together with CPD photolyases before the forma-
tion of the stratospheric ozone shield (Rothschild 1999)
and before the appearance of the more sophisticated bac-
terial and eukaryotic NER pathways (Eisen and Hanawalt
1999), which can also repair 6,4 photoproducts (Friedberg
et al. 2006).

Several eubacterial CPD photolyases were grouped
together with plant cryptochromes with reasonable boot-
strap support (see fig. 1). The eubacterial components of
this group have been considered a different class of CPD

photolyases, namely of class III, on the basis of a more lim-
ited analysis (Oztiirk et al. 2007). We propose that they are
CPD class I photolyases for the following reasons. First,
the low resolution of the topology of the inner branches of
the CPD class I cluster and its low bootstrap support do
not allow us to definitely distinguish it from the rest of eu-
bacterial CPD photolyases, grouped together with the plant
cryptochromes. And second, our survey of all completely
sequenced prokaryotic genomes revealed no species hav-
ing photolyase genes of both the proposed CPD class III
and the CPD class I. Without definitive proof of paral-
ogy, the more parsimonious hypothesis of orthology be-
tween CPD class I photolyases and the eubacterial CPD
photolyases grouped with plant cryptochromes should not
be ruled out.

To refute the existence of a third class of CPD pho-
tolyases implies that plant cryptochromes are also or-
thologous to CPD class I photolyases. Given the known
existence of CPD class I photolyases in other eukary-
otic groups, such as fungi (Kanai et al. 1997), the ciliate
Tetrahymena thermophila, and protozoans of the Try-
panosomatidae family (this study; data not shown), the
orthology of plant cryptochromes and CPD class I pho-
tolyases is not that surprising. However, the finding of two
fish proteins as a sister clade of plant cryptochromes with
98% bootstrap support in the neighbor-joining tree was un-
expected. This is the first report of animal CPD class I
photolyases.

Recent Gene Losses and Evolutionary Constraints

Our observations suggest that photolyase genes are
lost from eubacterial genomes at a high rate: more than
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without an observed photolyase gene loss (C). In C, only dy /ds estimates
for CPD class I photolyases of eubacterial genera are used, and dx/ds
values of “no-loss” genera were weighted by the evolutionary time sam-
pled. Error bars indicate the standard error of the mean, except for Ar-
chaea in panel B, where only one dy/ds estimate was used. In that case,
the error bar indicates the SD of the estimate, obtained with the bootstrap
method.

three times faster than single base substitutions in 16S
rRNA among the genomes surveyed for the dx/ds anal-
ysis. Such a high rate of gene loss among prokaryotes is
accompanied by similar but lower rate of gene gain by hor-
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izontal gene transfer. As a result, the repertoire of pho-
tolyases may be highly variable along the evolution of a
bacterial lineage.

The mean dn/ds estimate of photolyase genes
(0.0963 + 0.0039) suggests that they are all under mod-
erate purifying selection, far from neutrality, but still less
constrained than core genes from enteric bacteria (d,,,v /ds
~ 0.03, Charlesworth and Eyre-Walker 2006). The com-
parison of functional data of CPD class I photolyases
of yeast and E. coli confirms our expectation that pho-
tolyases under stronger selection must be more efficient
than less constrained ones because yeast photolyase has
a higher affinity for its substrates than E. coli photolyase
(table 3 and fig. 3). Despite the fact that yeast CPD class
I photolyases are under more efficient purifying selection
than their enteric orthologs, natural selection is on aver-
age more efficient on eubacterial than in eukaryotic pho-
tolyase genes (fig. 2B). Therefore, eukaryotic photolyases
should be, on average, less efficient than eubacterial ones,
due to the higher proportion of nonsynonymous substi-
tutions fixed in the former as a consequence of weak
selection.

Although the reduced efficiency of natural selection
on eukaryotic photolyases may arise from a number of
causes, ranging from the existence of redundant DNA re-
pair pathways to a lower incidence of UV light in the sam-
pled species’ environments, it is plausible, and consistent
with this large-scale pattern, that eukaryotic photolyases
are not purged of all deleterious substitutions due to their
smaller effective population sizes, which make natural se-
lection less efficient (Lynch 2007). Under this scenario,
the complete loss of photolyase activity in many eukary-
otic lineages, including placental mammals, may not be
adaptive. In general, if the selective advantage of the re-
pair of UV-induced DNA damage by photolyases is lower
than 1/2N, in a diploid eukaryote with small effective
population size (N.), natural selection will be unable to
maintain gene function (Lynch 2008).

One remaining question is why eubacterial photolyase
genes, actively purged of deleterious mutations by natural
selection, should be lost so often. One plausible expla-
nation is that photolyase genes may not be useful in en-
vironments with low UV irradiation. In these situations,
photolyase genes would start accumulating mutations at a
neutral rate until their inactivation. We reasoned that if a
photolyase gene was recently lost in a species for this rea-
son, closely related species of the same genus, with pre-
sumably similar ecological constraints, should accumulate
a higher proportion of nonsynonymous substitutions. And
that is exactly what we observe among eubacterial CPD
class I photolyases (fig. 2C). Another line of evidence sug-
gesting that the loss of photolyase genes is not deleteri-
ous in eubacterial species comes from a detailed inspection
of supplementary table 1, Supplementary Material online.
Among the species surveyed for the presence of photolyase
genes, there are 46 photosynthetic eubacterial strains, be-
longing to 23 different genera. Photosynthetic organisms
are expected to experience strong selection to keep active
photolyase genes, because of their exposure to UV radi-
ation (Rothschild and Cockell 1999; Cockell and Roth-
schild 1999). The only four photosynthetic taxa without
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Table 3

Biochemical Properties of Photolyases

Species Paralog Ka(M™) Discrimination Ratio 0]
Saccharomyces cerevisiae CPD class I 0.11-1.93 x 10102 0.63-1.40 x 10*° 0.49¢
Escherichia coli CPD class I 0.05-2.20 x 10% 0.20-7.50 x 10% 0.59"
Salmonella typhimurium CPD class I 6.25 x 1088 — 0.50¢8
Bacillus firmus CPD class I 1.8 x 109h. — 0.75{‘
Xenopus laevis (6-4)Photolyase 2.10 x 108? — 0.11"
Drosophila melanogaster (6-4)Photolyase 2.00 x 10% — —

Ky is the binding constant and ¢ is the quantum yield.

% Harm and Rupert (1968, 1970); Madden and Werbin (1974); Vande Berg and Sancar (1998).

b Baer and Sancar (1993); Vande Berg and Sancar (1998).
¢ Sancar (2000).

4 Harm (1970); Husain and Sancar (1987); Sancar, Smith, et al. (1987); Li and Sancar (1990).

¢ Husain and Sancar (1987); Sancar, Smith, et al. (1987).

f Payne and Sancar (1990). Measures obtained by Sancar, Jorns, et al. (1987) and Hitomi et al. (1997) were excluded because they used enzymes

lacking the secondary chromophore.
¢ Li and Sancar (1991).
" Malhotra et al. (1994).

1 Hitomi et al. (1997). These measures correspond to the enzyme without the secondary chromophore.

1 Zhao et al. (1997).

any photolyase genes are the low-light adapted cyanobac-
terias: Acaryochloris marina, whose main photosynthetic
pigment (chlorophyll d) absorbs light in the far-red, and al-
lows it to live out of the reach of UV radiation (Kiihl et al.
2005); and the Prochlorococcus marinus strains MIT 9303,
MIT 9313, and CCMP1375, which are low-light adapted
ecotypes and live in deeper regions of the water column
than their high-light adapted relatives.

Therefore, the loss of photolyase genes in eubacterial
species that are not exposed to UV radiation may not result
in an increase of their genomic mutation rate at all. How-
ever, the circumstances under which an allele that increases
the genomic mutation rate (a mutator allele) can increase

letll
1e+10
=
<
M —_—
1e+09 l
1e+08
006 008 010 012 014 016 0.18 020 0.22

dN/dS

F1G. 3.—Relationship between the binding constants of photolyases
for their substrates (K4) and the dx/ds estimates obtained with the genes
encoding those photolyases and their closest orthologs. Binding constant
values correspond to the measures reported in table 3, or to their means
and standard errors, when more than one measure is available for the same
species. Measures from Escherichia coli and Salmonella typhimurium
CPD class I photolyases are pooled in the same mean because the cor-
responding dx/ds estimate also describes both species. Horizontal error
bars are SDs of dy/ds estimates, obtained by bootstrap.

in frequency have been subject to considerable theoretical
study (Leigh 1970, 1973; Gillespie 1981; Holsinger and
Feldman 1983; Feldman and Liberman 1986; Holsinger
et al. 1986; Liberman and Feldman 1986; Kondrashov
1995; Taddei et al. 1997; Dawson 1998, 1999; Johnson
1999a,b; Tenaillon et al. 1999; Tanaka et al. 2003; André
and Godelle 2006; Lynch 2008), and it is worthy to con-
sider whether photolyase genes can be lost under those cir-
cumstances from the genomes of species affected by UV
radiation. In asexual populations, where mutator genes re-
main linked to the excess of mutations that they cause,
natural selection on those mutations has a strong indirect
effect on the mutator gene (Leigh 1970). During peri-
ods of environmental stability, natural selection will pro-
mote a lower mutation rate, whereas during episodes of
adaptive evolution, mutator alleles may be driven to fixa-
tion together with the selected mutations (Tenaillon et al.
1999; Tanaka et al. 2003; André and Godelle 2006). This
evolutionary regulation of the mutation rate has been ex-
perimentally observed, on a short time scale, in bacte-
rial populations coevolving with phages (Pal et al. 2007).
The associated processes are thought to account for the
maintenance of mutation-rate polymorphisms in natural
eubacterial populations, and they may result in temporal
oscillations in the average genomic mutation rate of a bac-
terial species (Taddei et al. 1997). Mismatch repair genes
have been shown to be the mutator genes most frequently
lost by mutator strains (Pal et al. 2007). Accordingly, the
molecular fingerprints of recurrent losses and reacquisition
of mismatch repair genes has been observed in Escherichia
coli (Denamur et al. 2000).

Our data suggest that in some cases null photolyase
alleles may be positively selected mutator alleles as well.
Specifically, the complete absence of photolyase genes in
the genome of Ralstonia solanacearum GMI1000 is bet-
ter explained by the mutator allele model than by the hy-
pothesis of a neutral loss. In contrast to the expectation
under the neutral loss hypothesis, the CPD class I pho-
tolyase genes of other species of the same genus experience



a relatively efficient natural selection (dy/ds = 0.07453 +
0.01765, supplementary table 2, Supplementary Material
online), and R. solanacearum GMI1000, which is a plant
pathogenic bacterium, seems to be exposed to UV radia-
tion, at least during some stages of its life cycle. Under the
mutator allele model, the loss of a functional photolyase
gene, actively purged of deleterious mutations up to that
moment, may happen during one of the frequent adaptive
episode that a pathogen may experience under the constant
adaptation of its host.

Supplementary Material

Supplementary tables 1-3 are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org).
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